Carbohydrate based small molecular gelators are important classes of compounds which can form useful soft materials with many practical applications. Although many different types of effective gelators have been reported, the rational design of a molecular hydrogelator is still challenging. In this research, we combined the structural features of two classes of monosaccharide based molecular gelators and obtained a new class of glycolipids that can function as molecular gelators. These new compounds were synthesized by introducing a triazole functional group to a protected 2-glucosamine through Cu(I) catalyzed azide/alkyne cycloaddition reaction (CuAAC). A series of eighteen new glycolipids containing 4,6-O-benzylidene acetal protected D-glucosamide and triazole were synthesized and characterized.
Introduction
Low molecular weight gelators (LMWGs) have attracted considerable attention during the past few decades because of their interesting properties and many applications. [1] [2] [3] [4] [5] [6] The gelation by LMWGs in various solvents relies on non-covalent intermolecular interactions, such as p-p stacking, CH-p interactions, hydrogen bonding, and hydrophobic interactions, etc. [7] [8] [9] [10] [11] [12] The resulting gels are termed supramolecular gels or physical gels and are reversible due to the non-covalent nature of the gel networks. Depending on the solvents used, they can also be dened as low molecular weight organogelators or hydrogelators. LMWGs have a wide range of applications in biomedical research as advanced so materials that are useful for the preparation of tissue engineering scaffolds and drug delivery vehicles. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Many different classes of compounds including natural products have been found to be useful building blocks for effective small molecular gelators.
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Among these, carbohydrate based systems are especially interesting since they can lead to biocompatible and biodegradable so materials. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] It is not easy to predict the gelation ability of certain molecules, however it is possible to rationally design new molecular gelators using the existing templates and incorporate important intermolecular interactions. During the past several years, we have synthesized and studied the molecular self-assemblies of many derivatives of common monosaccharides, such as D-glucose and D-glucosamine and gained insights on the requirement of structures for effective molecular gelators. For example, we have shown that certain derivatives of 4,6-benzylidene acetal protected monosaccharides are effective sugar based LMWGs. 40, 41 Several representative structures are shown in Fig. 1 . The amide, urea and carbamate analogs obtained from D-glucosamine with the general structure 1 are especially effective in forming gels for a variety of polar solvents and aqueous mixtures, but only very few of them are effective gelator for water alone.
Cu(I) catalyzed azide/alkyne cycloaddition (CuAAC) reaction, the "click chemistry", has found important applications in many research elds such as drug discovery, chemical biology, and materials chemistry. [44] [45] [46] The CuAAC method has been used widely in the synthesis of triazole containing glycoconjugates and glycomimetics. [47] [48] [49] Many sugar triazole derivatives were synthesized and studied for their biological applications. Recently we and others have reported several triazole based low molecular weight gelators. [50] [51] [52] [53] [54] [55] [56] Certain peracetylated D-glucosyl triazoles and D-glucosamine triazole analogues (2 and 3) are found to be effective gelators and they are able to gelate alcohols, DMSO and water mixtures, ethanol and water mixtures, a few analogs are also effective gelator for water.
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The glucosyl triazole derivatives 2 are more effective organogelators. Many of the D-glucosamine derivatives 3 with the heterocycle 1,2,3-triazole at the anomeric position and -NHAc at the 2-position are effective hydrogelators. We envisioned that by introducing a triazole functional group to the 2-acyl position of the D-glucosamine derivatives 1, it is possible to obtain more effective low molecular weight hydrogelators. By shiing the triazole to the 2-position, we can take advantage of the additional amide hydrogen bonding capacity and the p-p interaction from the triazole moiety, the combination of these intermolecular noncovalent forces could result in stronger and more effective interactions and gelation. Therefore here we designed and synthesized a series of glycolipids with the above structural features and tested their gelation properties in several solvents.
Results and discussions

Synthesis of the amide linked triazoles
The synthesis and structures of the compounds are shown in Scheme 1 and Table 1 . The bromoacetamide intermediate 5 was synthesized from the protected glucosamine headgroup 4 used in our previous synthesis. 41 Then the azido headgroup 6 was synthesized by displacing the bromide with sodium azide in acetone under reuxing condition. The azido headgroup 6 was then used to react with a variety of alkynes using the CuAAC reaction. Typically these were done using the two commonly used conditions, either by copper sulfate and sodium ascorbate or by CuI in presence of an amine base. The selection of the alkynes is based on our previous results on the glucosyl triazole compounds and the polarity of the compounds. As shown in Scheme 1, we synthesized the 2-glucosamine amide triazole analogs 7-24. The isolated yields of the CuAAC reactions, the subcategories of these compounds, and their Clog P values are included in Table 1 . These include derivatives containing alkyl groups with different chain lengths (7) (8) (9) (10) (11) (12) and aromatic substituents (14) (15) . We also prepared analogues with terminal functional groups attached to the alkyl groups, including chloro (13), amino (16) , hydroxyl (17) (18) (19) (20) (21) and carboxyl functional groups (22) (23) . A dimeric compound 24 was also synthesized by coupling with the dimeric alkyne. These compounds were then tested for their gelation properties in several solvents and the results are shown in Table 2 . The subgroups of the compounds listed in Table 1 will be used for the discussion of structure and gelation property correlations.
Gelation test
As shown in Table 2 , we were pleased to nd that these compounds were effective molecular gelators and they were especially effective for water gelation. The gels are typically translucent or transparent and some representative photographs of the gels are shown in Fig. 2 . Low molecular weight hydrogelators (LMHGs) are very useful for biomedical applications. In comparison to the peracetylated glycosyl triazole analogs, 52,53 these glucosamide triazole analogs are more effective hydrogelators. Eleven out of the eighteen compounds synthesized can form hydrogels at low concentrations (0.15-1.0 wt%). All synthesized compounds except 18 and 20 formed gels in DMSO and water (1 : 2) mixture, and all compounds except 11, 14, and 18 formed gels in ethanol and water mixtures. These results are signicant since we can predicate that other suitable analogs with this type of template will be able to form gels in water and aqueous solutions.
Structure and gelation properties
Among the alkyl derivatives 7-11, only the short chain propyl derivative 7 was able to form a hydrogel. When the compounds contain linear aliphatic chain spacer with terminal functional groups, they are effective hydrogelators, these include alkynyl (12) , chloro (13) , phenyl (15) , dimethyl amino (16), hydroxyl (17, 18, 19, 21) , carboxyl (22, 23) . The best performing hydrogelator is the propyl derivative 7, which formed hydrogels at 0.15 wt% concentration and also formed gels in mixtures of ethanol or DMSO with water. The phenyl triazole compound 14 and cyclohexanol derivative 20 have no alkyl spacer between triazole and the functional groups, and they did not form hydrogels. Interestingly; compound 20 was the only one formed a stable gel in toluene. None of these compounds formed gels in dichloromethane, and they were all insoluble in hexane. The alkyl derivatives are more effective gelators for alcohols, compounds 9-11 with nine, ten and fourteen carbon chain respectively, can form gels in both ethanol and isopropanol. The phenyl derivative 14 was effective gelator for ethanol, and the dimeric compound 24 was effective gelator for both ethanol and isopropanol. 
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There is a strong correlation between the gelation properties and their structures among these 4-triazole-alkyl derivatives. We attempt to obtain a rationale using computed Clog P values, these are shown in Table 1 next to the compound numbers. When R is an alkyl group as in compounds 7-12 and an alkyl with non-polar substituent (13), the Clog P values correlate to the hydrogelation very nicely. Compounds 7, 12, and 13 are effective hydrogelators and their Clog P values are lower than 1.0. For compounds with different substituents such as aryl and polar functional groups, the Clog P values don't agree with gelation properties well, and it can't give meaningful interpretation for hydrogelation. Despite the limitation, for aliphatic functional groups, it may be possible to use the Clog P values to predict hydrogelation outcomes.
Based on the analysis of the gelation properties, we can easily see that the addition of triazole moiety to the glucosamide analogs led to enhanced gelation results. In comparison to our previous observations of the amide derivatives without triazole moiety, 41 the current compounds are more effective as LMHGs. It is interesting that many of the triazole analogs are not only hydrogelators they are also effective organogelators. As shown in Table 2 , these amide triazole derivatives are very effective organogelators for ethanol and water or DMSO and water mixtures. All compounds but two alcohol analogs are gelators for DMSO and water mixtures. In order to nd out the performance of the gelators in a mixture of solvents, we tested the gelation behaviour of a few selected compounds in different ratios of DMSO and water. Table S1 † shows the performance of these compounds at different proportions of DMSO and water mixtures. The most effective hydrogelator compound 7 is also the smallest among the analogs synthesized in Scheme 1. It not only formed hydrogel in water at 1.5 mg mL À1 , but also formed stable gels at different proportions of DMSO and water mixture, from 33% DMSO aqueous mixture up to 4.5% DMSO aqueous mixture.
Gel characterizations
We also analyzed the morphology of the gels under an optical microscope. Fig. 3 shows the optical micrographs of the lightly air dried gels formed by compounds 7, 9, 11, and 23. Compound 7 formed translucent hydrogel (Fig. 2a) , the partially dried gels showed some brous formation but still contained water (Fig. 3a) . Compound 9 in EtOH : H 2 O (v 1 : 2) showed birefringent long and curved bers with average diameters of 0.5 mm (Fig. 3b) . The long chain analog 11 in EtOH exhibited similar brous network (Fig. 3c ) but seems to have more crosslinks between the bers. Compound 23 with a terminal carboxyl group exhibited versatile gelation properties in several solvents and water. The morphologies of the gels seems to differ based on the solvent systems (Fig. 3d-f) . The DMSO : H 2 O (v 1 : 2) gel showed very long and straight bers with average length over 500 mm and a distribution of widths ranging from 0.5-1.5 mm. These long rods and cylindrical tubes are not uniform perhaps due to the drying process that certain solvent evaporated faster for certain areas. In the EtOH : H 2 O (v 1 : 2) gel of compound 23, the morphology (Fig. 3e) is very similar to that of the alkyl analog 9 as shown in Fig. 3b ; the gels also formed long and so brous network, with uniform and narrow width ($0.5 mm). The hydrogel formed by 23 showed interesting curled brous network and densely packed brous assemblies (Fig. 3f) , in contrast to the aqueous mixtures, the hydrogels appear not birefringent. The interconnected bers are uniform in size with diameters about 0.2 mm.
To analyze the strength of the gels, we studied the rheological properties of a few gels. The dynamic moduli G 0 and G 00 were measured and plotted as a function of angular frequency u at their MGCs for compounds 7, 13 and 21. As shown in Fig. 4 , the storage modulus G 0 is greater than the loss modulus G 00 for all these gelators. The fact that G 0 is greater than G 00 is an indication that the gels are elastic semisolid. The gel formed by chlorobutyl analog 13 exhibited the largest storage modulus among three tested gels.
Controlled release of drugs
Because of the excellent gelation abilities in water, these compounds can have important biological applications. We analyzed the effectiveness of the molecular hydrogels for controlled release from gel to solution phase as a proof of concept study. The gel formed by compound 7 was selected for controlled release of antibiotic chloramphenicol from the gel matrix. UV spectroscopy was used for the study, the results are shown in Fig. 5 . The hydrogel formed by gelator 7 at its MGC in presence of chloramphenicol showed that the gel was stable for encapsulating the drug, which was only slowly released, about 70% in a period of 36 hours was released to the aqueous phase through diffusion ( Fig. S1 and S2 †) . This indicates that the gel is suitable as carrier for sustained release of small molecule drugs. We also analysed the diffusion and absorption of a dye onto the gel matrix. The toluidine blue absorption using the hydrogelator 13 is shown in Fig. 6 . The toluidine blue was slowly absorbed by the gel matrix in 3 days (Fig. S3 †) . At equilibrium, the concentrations of the dye in the gel phase and solution phase were almost the same, this implies that the hydrogel is permeable with the dye molecules to diffuse freely and therefore it is suitable for entrapping toluidine blue type of dyes or drugs.
Conclusions
In summary, we have designed and synthesized a new series of sugar based low molecular weight organogelators and hydrogelators using 4,6-O-benzylidene acetal protected D-glucosamine and "click" reactions. Among the eighteen compounds synthesized and studied, all can form gels in at least one of the tested solvents, and many of them formed hydrogels at 0.15-1.0 wt%. The structures of the hydrogelators indicate that a delicate balance of hydrophobic and hydrophilic functional groups must be maintained for effective gelation. When the substituents at the C-4 position of the triazole is an alkyl group, the Clog P value should be less than 1.0 in order for the compounds . Fig. 5 Release of chloramphenicol from the hydrogel formed by compound 7 to the aqueous phase. Gel was formed by compound 7 (2 mg) and chloramphenicol (0.25 mg) in water (1.4 mL). Chloramphenicol control was prepared by dissolving chloramphenicol (0.25 mg) in water (3 mL). to be effective hydrogelator. Moreover, when the C-4 triazole substituents contain a terminal polar functional group, they are also effective hydrogelators. The hydrogels formed by compound 7 are suitable for sustained release of entrapped chloramphenicol. The dye diffusion study with toluidine blue and gelator 13 shows that the hydrogel is permeable to small molecules and reached equilibrium in about 3 days. These results indicate that the D-glucosamide triazole derivatives are very effective small molecular gelators and can be useful in designing sugar based so materials for a variety of applications.
Experimental section
General methods
All reactions were carried out in oven dried glassware under nitrogen atmosphere. Reagents and solvents were obtained from commercial suppliers from Sigma-Aldrich, VWR, and Fisher and used directly without purications. All reactions unless otherwise noted were carried out. Flash chromatography was carried out using 230-400 mesh silica gel. Thin-layer chromatography (TLC) analysis was performed with aluminum backed TLC plates (Sigma-Aldrich) with UV and uorescence indicator and visualized using UV lamp at 254 nm then stained with PMA solution.
1 H NMR and proton-decoupled 13 C NMR spectra were obtained with Bruker 400 MHz spectrometers in DMSO-d 6 or CDCl 3 . The chemical shis were reported using CDCl 3 /DMSO-d 6 as internal standard at 7.26/ 2.50 ppm and at 77.00/39.50 ppm, respectively. The molecular mass was measured using LCMS on an Agilent 6120B Single Quad Mass Spectrometer and LC1260 system.
Gelation test for DMSO and water mixture at different ratios
In a one dram vial, compound 7 (2 mg) was dissolved in DMSO (0.05 mL); to this solution, water (0.45 mL) was added, the mixture was sonicated and heated till homogenous and le standing at rt for 15 minutes. The vial was inverted to observe whether a stable gel formed, if a stable gel formed, then water (0.1 mL) was added subsequently until a stable gel could not be obtained. Other compounds (9, 13, 15, 16, 21 , and 23) were tested similarly. The volume ratio of DMSO and water was calculated and the gelation concentrations are included in Table S1 in the ESI. †
Drug encapsulation and release
Chloramphenicol was trapped into the hydrogel of compound 7 and the release from gel to solution was tested. Compound 7 (2 mg), chloramphenicol (0.25 mg), and water (1.4 mL) were mixed in a one dram vial, the co-gel was prepared by heating/ sonication and then cooling. Aer a stable gel was formed the gel was le standing at rt for 2 hours, then water (3 mL, pH 7) was added on top of the gel carefully. Chloramphenicol release from the gel was monitored by UV absorption at certain times by transferring the top aqueous layer with a pipet to a cuvette, aer each measurement the aqueous phase was carefully transferred back to the vial containing the gel residue. Photographs were taken at these time points and these are shown in Fig. S1 . † The drug release prole at different time course was measured using UV spectroscopy and plotted as shown in Fig. 5 .
Dye diffusion and absorption studies
Toluidine blue dye was selected for the diffusion study using hydrogel of compound 13 (5 mg) in water (2 mL). Aer a stable gel was formed and le standing for 2 hours, toluidine blue aqueous solution (2 mL, 0.1 mM) was added slowly on top of the gel. Photographs were taken at different time course (Fig. S3 †) followed by the measurement of UV absorption of the top aqueous layer. Adsorption of toluidine blue from aqueous solution to the hydrogel at different time interval was monitored by UV-Vis spectroscopy and the results are shown in Fig. 6 .
Synthesis of compound 5
To a 250 mL round bottom ask, compound 4 (4.01 g, 14.1 mmol) was dissolved in DCM (30 mL 
Synthesis of compound 6
Compound 5 (5.30 g, 13.1 mmol) was dissolved in acetone (50 mL) in a 250 mL round bottom ask. To this solution sodium azide (3.20 g, 0.13 mol) was added and the reaction mixture was stirred for 12 hours under reuxing condition. Acetone was removed under reduced pressure and the resulting residue was dissolved in water and then extracted with ethyl acetate. The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered and concentrated to afford the crude. It was then puried by ash chromatography using a gradient of solvent system of EtOAc : hexane from 1 : 4 to 1 : 1. 
